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We used transport and inelastic neutron scattering to study the optimally phosphorus-doped
BaFe2(As0.7P0.3)2 superconductor (Tc = 30 K). In the normal state, we find that the previously
reported linear temperature dependence of the resistivity below room temperature extends to ∼ 500
K. Our analysis of the temperature and energy (E = h¯ω) dependence of spin dynamical susceptibility
at the antiferromagnetic (AF) ordering wave vector χ′′(QAF, ω) reveal an ω/T scaling within 1.1 <
E/kBT < 110. These results suggest that the linear temperature dependence of the resistivity is
due to the presence of a magnetic quantum critical point in the cleanest iron pnictides near optimal
superconductivity. Moreover, the results reconcile the strange-metal temperature dependences with
the weakly first-order nature of the quantum transition out of the AF and nematic orders.
One of the hallmarks of unconventional supercon-
ductivity in copper oxide superconductors is the linear
temperature dependence of the resistivity in the nor-
mal state below about 1000 K [1]. First discovered in
La2−xSrxCuO4 and YBa2Cu3O7 nearly optimal super-
conductivity [2–7], the linear temperature dependence of
the resistivity is incompatible with Landau’s Fermi-liquid
theory of metals, where temperature dependence of the
resistivity is expected to be quadratic (T 2) [8], and sug-
gests the presence of a quantum critical point (QCP)
responsible for the breakdown of Fermi-liquid behavior
and development of strange-metal properties [9–11].
In the case of iron pnictide superconductors [12–14],
a linear temperature dependence of the resistivity has
been found in different families of materials near optimal
superconductivity, suggesting the presence of a QCP [15–
20]. In particular, experimental evidence for a QCP in
phosphorus-doped BaFe2(As1−xPx)2, envisioned in early
theoretical studies [21], has been mounting [22, 23]. This
includes the linear temperature dependence of the re-
sistivity [24], a peak in the effective electron mass [25],
magnetic penetration depth [26], heat capacity [27] and
nuclear magnetic resonance (NMR) [28]. The phospho-
rus doping does not involve the Fe-sites. As a result,
this series is especially clean, as demonstrated by the rel-
atively small residual resistivity and the observation of
quantum oscillations [25]. Because the minimal disorder
will allow for a clear understanding of the implications
of the inelastic neutron scattering measurements (see be-
low), here we focus on BaFe2(As1−xPx)2 near its optimal
superconductivity.
In the undoped state, BaFe2As2 exhibits a tetragonal-
to-orthorhombic structural transition at Ts, where a ne-
matic phase with in-plane electronic anisotropy is es-
tablished [21, 29–31], followed by a collinear antiferro-
magnetic (AF) order below TN ≈ 140 K (≤ Ts) at
QAF ≈ (0.5, 0.5) [Figs. 1(a), 1(b)] [12, 13]. When phos-
phorus is doped into BaFe2As2 to form BaFe2(As1−xPx)2
[22], a QCP is found in BaFe2(As0.7P0.3)2 near optimal
superconductivity with suppressed orthorhombic lattice
distortion and static AF order [Fig. 1(c)]. Increasing
P-doping in BaFe2(As1−xPx)2 suppresses both Ts and
TN , which are associated nematic and AF phase transi-
tions, respectively. If both magnetic and nematic QCPs
occur, one would expect to find gradually suppressed
second order structural and magnetic phase transitions
with increasing P-doping in BaFe2(As1−xPx)2. However,
systematic neutron diffraction and NMR experiments on
powder and single crystal samples of BaFe2(As1−xPx)2
reveal that the structural and AF phase transitions are
coupled at all x, and AF phase transition around x ≈ 0.3
become weakly first order near optimal superconductiv-
ity, thus suggesting an avoided magnetic QCP [32–34].
Although the AF phase transition in BaFe2(As1−xPx)2
is weakly first order near optimal superconductivity [32–
34], the small ordered moment and low ordering tem-
perature do not exclude the possibility of an extended
temperature and energy range where quantum criticality
underlies the linear resistivity. This is consistent with the
fact that when superconductivity in BaFe2(As0.7P0.3)2 is
suppressed by a magnetic field, the temperature depen-
dence of the resistivity is quadratic below the zero field
Tc = 30 K, deviating from the linear temperature de-
pendence above 30 K [see inset of Fig. 1(d)] [35]. Fig-
ure 1(d) shows our measurement of the resistivity for
BaFe2(As0.7P0.3)2 from 2 K to 790 K. In addition to
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2FIG. 1: (a) The AF structured Fe layer of BaFe2(As1−xPx)2
in tetragonal notation, yellow arrows indicate the spin di-
rection below TN . (b) Position and shape of spin fluctua-
tions in BaFe2(As0.7P0.3)2 in reciprocal space below 100 meV.
Cross indicates the in-plane AF order position, blue arrow is
the constant-energy scans direction measured on HB-3. (c)
Schematic BaFe2(As1−xPx)2 electronic phase diagram. Red
arrow indicates the location of BaFe2(As0.7P0.3)2. (d) Resis-
tivity ranges from 10 K to 790 K. Inset shows the resistivity
measured under high magnetic field on similar concentration
compound from [35]. Pink dotted line shows the cutoff tem-
perature from T-linear resistivity.
confirming the linear temperature dependence of the re-
sistivity from 30 K to 300 K [24], the data reveal that it
extends all the way up to ∼ 500 K, above which a clear
deviation from the linear behavior is seen; this exem-
plifies the extended temperature range for the strange-
metal behavior. The nematic QCP [19] alone is unlikely
FIG. 2: Images of two-dimensional spin fluctuations with en-
ergy transfers (a) E = 12± 3, (b) 22± 3, (c) 42± 3, and (d)
52±3 meV, obtained on ARCS after the background subtrac-
tion and Bose factor correction. The color bars in (a)-(d) in-
dicate intensity in absolute units of mbarn sr−1meV−1f.u.−1.
Energy dependence of the imaginary part of the dynamic sus-
ceptibility at QAF are obtained by fitting these ARCS data
collected at (e) 32 K, and (f) 120 K with two-dimensional
Gaussian function. Red lines are fitting results as discussed
in the text. (g) and (h) show the temperature dependence of
Γ and I. Green line in (g) is the fitting result of linear function.
to be responsible for the observed linear temperature de-
pendent resistivity [23], given that fluctuations at small
wavevectors are inefficient in degrading an electrical cur-
rent. If linear temperature dependence of the resistivity
in BaFe2(As0.7P0.3)2 in Fig. 1(d) is associated with a
magnetic quantum critical fluctuations, one would ex-
pect that spin dynamics at QAF to follow ω/T scaling
within a finite energy (E = h¯ω, where ω is frequency)
and temperature range [36–39].
To test this hypothesis, we use inelastic neutron scat-
tering to study BaFe2(As0.7P0.3)2 (Tc ≈ 30 K), focusing
3on temperature and energy dependence of spin fluctua-
tions near QAF. In previous inelastic neutron scatter-
ing experiments on BaFe2(As0.7P0.3)2 [40–42], a c-axis
dispersive neutron spin resonance coupled to supercon-
ductivity has been identified. By using neutron triple-
axis and time-of-flight spectroscopy, we find that energy
and temperature dependence of the imaginary part of
dynamic susceptibility at QAF χ
′′(QAF, ω), which is re-
lated to magnetic scattering S(QAF, ω) via χ
′′(QAF, ω) ∝
(1 − e−h¯ω/kBT )S(QAF, ω), follows the ω/T scaling for
9 < E < 61 meV and 5 K< T < 200 K. For energies
less than about E = 10 meV, the ω/T scaling fails to de-
scribe the data. These results suggest that the observed
linear temperature dependence of the resistivity in Fig.
1(d) may arise from magnetic quantum critical fluctua-
tions important for controlling the transport and nematic
properties of BaFe2(As0.7P0.3)2.
We used the standard four-probe method to measure
the resistivity of BaFe2(As0.3P0.7)2 from 10 K to 790 K
in a Janis 4 K closed cycle refrigerator with high temper-
ature capability. As we can see from Fig. 1(d), the re-
markable linear temperature dependence of the resistiv-
ity extends up to 500 K. Combined with previous trans-
port measurements below 30 K when superconductivity is
suppressed by a high magnetic field [see inset of Fig1(d)]
[35], we find that the temperature range for linear resis-
tivity is from 30 K to 500 K.
Our inelastic neutron scattering experiments were car-
ried out on the Wide Angular-Range Chopper Spectrom-
eter (ARCS) at the Spallation Neutron Source and HB-3
triple axis spectrometer at the High-Flux Isotope Reac-
tor, both at Oak Ridge National Laboratory. For the
time-of-flight measurement on ARCS, we used Ei = 80
meV with ki parallel to the c axis. Total mass 17 g
high-quality BaFe2(As0.3P0.7)2 single crystals were co-
aligned in the [H,H,L] scattering plane with an in-
plane mosaic < 5.5◦ [42]. We define Q = (H,K,L) =
2pi
a Hiˆ+
2pi
a Kjˆ +
2pi
a Lkˆ, where the tetragonal lattice con-
stants are a = b ≈ 3.96A˚ and c ≈ 12.87A˚.
Figures 2(a)-(d) show images of spin excitations
S(Q, ω) at E = 12 ± 3, 22 ± 3, 42 ± 3, 52 ± 3 meV,
respectively, at T = 120 K. Consistent with earlier
work [41], spin excitations form transversely elongated
ellipses centered around QAF that disperse outward with
increasing energy. We convert S(Q, ω) to χ′′(Q, ω)
and fit the in-plane dynamical susceptibility with two-
dimensional Gaussian function to get the absolute in-
tensity of χ′′(Q, ω) at Q = QAF = (0.5, 0.5). Figures
2(e) and 2(f) show energy dependence of χ′′(QAF, ω) at
T = 32 and 120 K, respectively. The solid lines in the
figures are fits to the data with typical paramagnetic re-
laxational form χ′′(QAF, ω) = I Γ∗EΓ2+E2 , where Γ is related
to full width at half maximum of the excitations, cor-
responding to the relaxation lifetime of the excitations,
and I is the peak intensity of the excitations. Figures
FIG. 3: Low energy spin fluctuations in BaFe2(As0.3P0.7)2
at different temperatures. Constant energy scans along the
longitudinal direction through QAF with energy transfers of
(a) 4, (b) 6, and (c) 10 meV. Backgrounds and Bose factor are
corrected for all data. The error bars indicate the statistical
errors of one standard deviation.
2(g) and 2(h) show temperature dependence of Γ and I,
respectively. While Γ increases approximately linearly
with increasing temperature, I decreases with increasing
temperature.
To test if the measured imaginary part of the dynamic
susceptibility at QAF follows the ω/T scaling expected
for magnetic quantum critical fluctuations, we consider
χ′′(QAF, ω)Tα = F (QAF, ω/T ), where the scaling expo-
nent α and the scaling function F (QAF, ω/T ) are de-
termined through the best-observed collapse of the data
onto one universal curve [38]. We exclude the data under
4FIG. 4: The ω/T scaling plot of χ′′(QAF, ω) for data obtained
at ARCS and HB-3. (a) and (b) show the data collected on
ARCS with linear and logarithmic scales, respectively. Data
below 20 meV for 5, 10 and 20 K have not been added in
figure to eliminate the influence of superconductivity. The
inset shows the quality of the data collapse for different values
of the critical exponent α. Best scaling is found for α = 0.605.
Shaded area in (b) indicates the region where ω/T scaling is
not obeyed. Gray points are the data from 20 to 100 meV
collected on MAPS at 10 K with Ei = 250 meV. Plots (c)
and (d) are data from HB-3.
E = 20 meV below 30 K to eliminate the impact of super-
conductivity on χ′′(QAF, ω) due to the appearance of the
neutron spin resonance in superconducting state [40, 41].
By fitting the data with this function, we find α = 0.605
independent of the functional form of F (QAF, ω/T ) [Fig.
4 (a),(b)]. For E/T from 1.1 to about 110, the data
collapse into a single curve. From neutron time-of-flight
measurements on BaFe2(As0.7P0.3)2, we know that spin
excitations disperse transversely away from QAF for en-
ergies above 100 meV. Figures 4(a) and 4(b) suggest that
spin excitations up to 100 meV follow ω/T scaling. How-
ever, low-energy spin excitations (E/T < 1.1) seem to
deviate from the scaling curve, consistent with transport
measurements where resistivity deviates from linear tem-
perature dependence below 30 K.
To further explore if the low-energy spin fluctuations
follow ω/T scaling, we carried out inelastic neutron scat-
tering measurements using HB-3 triple axis spectrometer.
Figure 3 shows χ′′(Q, ω) for E = 4, 6, 10 meV at various
temperatures. The spin fluctuations in these energies are
fitted to a Gaussian function and give the dynamical sus-
ceptibility at QAF. The spin fluctuations at E = 4, 6, 10
meV are dramatically suppressed with increasing tem-
perature, but still present even at 300 K [Figs. 3(a)-(c)].
By combining results from constant-energy and constant-
Q scans, we deduce the data using the same parameters
as in Figs. 4(a) and 4(b) and the outcome is shown in
Figs. 4(c) and 4(d) with α = 0.605. Clearly, the ω/T
scaling fails for low-energy spin fluctuations with energy
approximately below 10 meV.
We have shown that the energy and temperature
dependent of χ′′(QAF, ω) in BaFe2(As0.7P0.3)2 follows
ω/T scaling within an extended temperature and en-
ergy range. To appreciate the importance of this ma-
terial being clean, we recall that, in the case of doped
heavy-Fermion materials such as UCu5−xPdx, the ob-
served ω/T and associated non-Fermi liquid behavior
such as linear temperature dependence of the resis-
tivity have been attributed to either quantum criti-
cality of long-range magnetic order or localized mo-
ments in a disordered setting [8, 44–47]. In Cu-doped
Ba(Fe1−xCux)2As2, the AF order found in parent com-
pound broadens with increasing Cu-substitution, sug-
gesting the occurrence of a spin-glass state [48]. The
ω/T scaling found in Ba(Fe1−xCux)2As2 can be under-
stood by the theoretical models for the AF QCP or
spin-glass QCP [39]. Recently, the existence of an AF
QCP was suggested in Ba(Fe0.97Cr0.03)2(As1−xPx)2 at
x = 0.42 based on ω/T scaling [49]. However, Cr doping
in BaFe2(As1−xPx)2 induces significant impurity scatter-
ing at the Fe position. It is therefore unclear if the ob-
served non-Fermi liquid behavior and ω/T scaling at x
= 0.42, which is clearly different from the behavior at
x = 0.3 without Cr doping, are due to impurity scatter-
ings from disordered moments of Cr spins. By contrast,
BaFe2(As1−xPx)2 has negligible disorder [25] given that
the P-substitution does not go into the Fe-plane, and
this is consistent with the instrumental resolution limited
magnetic Bragg peaks up to x = 0.3 [33]. Therefore, the
observed ω/T scaling we have observed over an extended
temperature and energy range in the x = 0.3 compound
must be attributed to quantum spin fluctuations related
to the vanishing weakly first order AF phase transition.
The violation of the ω/T scaling observed below 10 meV
adds further support to this interpretation.
Quantum criticality associated with a weakly first-
order but concurrent AF and nematic quantum phase
transitions were anticipated theoretically for the P-
substituted iron arsenides [21, 50]. P-for-As substitution
effectively decreases the strength of electron correlations
by enhancing the kinetic energy, thereby reducing the
magnetic and the concomitant nematic order. This ef-
fect can be analyzed by a field theory containing both
the magnetic and nematic degrees of freedom. Expressed
in terms of ~mA/B , the staggered magnetization of the
spins of the 3d-electrons on the A and B sublattices of
the Fe-square lattice, the (1/2, 1/2)/(1/2,−1/2) AF de-
gree of freedom is (~mA ± ~mB)/2 while the nematic one
is ~mA · ~mB . The effective theory contains an interaction
term, −uI(~mA · ~mB)2, with the coupling uI > 0. In the
renormalization group sense, this interaction term is rel-
evant with respect to an underlying magnetic QCP, but
only marginally so. Consequently, it drives both the AF
and nematic quantum phase transitions to be concurrent
and weakly first order, resulting in a large dynamical
range of quantum criticality [21]. The same conclusion
5follows from a large-N saddle-point calculation [50].
In summary, we have systematically measured the tem-
perature and energy evolution of spin fluctuations in the
optimal doped BaFe2(As0.7P0.3)2. We find evidence for
the ω/T scaling in spin fluctuations over extended tem-
perature and energy range, consistent with linear temper-
ature dependence of the resistivity. These results pro-
vided strong evidence that the linear temperature de-
pendence of resistivity arises BaFe2(As0.7P0.3)2, which is
located near optimal superconductivity, from magnetic
quantum criticality. Therefore, the presence of a mag-
netic QCP may ultimately be responsible for the anoma-
lous transport and magnetic properties of the iron pnic-
tides and strongly influence their superconductivity.
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